synthesis of precursors for biologically active carbazole alkaloids.
The prenyl (3,3-dimethylallyl) substituent is a characteristic structural feature of numerous natural products. Biosynthetically, a prenyl group is introduced by reaction with prenyl pyrophosphate, formed either by the mevalonic acid or the methylerythritol phosphate pathway.
1 Various carbazole alkaloids with a prenyl substituent have been isolated from natural sources, 2 e.g. the antibacterial carquinostatin A (1), 3 the anti-TB active micromeline (2) 4 and the anti-HIV active siamenol (3) (Fig. 1 ). 
1,1-dimethylallyl)nickel] (4).
We described the total syntheses of carquinostatin A (1), 6 micromeline (2), 7 siamenol (3) 8 and further prenylated carbazoles using either palladium(II)-catalysed or iron(0)-mediated reactions for construction of the carbazole skeleton. 9 Introduction of the prenyl substituent was achieved by a late-stage cross-coupling of the corresponding
Complex 4 is readily prepared by reaction of prenyl bromide with tetracarbonylnickel and has been applied to the prenylation of alkyl and aryl halides. 10 The dimeric π-prenylnickel bromide complex 4 provides satisfactory results in the cross coupling reaction with bromocarbazoles and tolerates many functional groups including free phenolic hydroxy groups. However, the nickel complex 4 has some drawbacks: 1. highly toxic tetracarbonylnickel is used for its preparation, 2. over-stoichiometric amounts of complex 4 are required for the coupling reaction and 3. complex 4 is very sensitive to oxygen. Therefore, a range of methods has been developed for the palladium-catalysed prenylation or tert-prenylation of aryl and heteroaryl ring systems.
11
Palladium-catalysed prenylations often lead to mixtures of products resulting from either isomerisation via the intermediate π-allylpalladium complex or allyl inversion in the transmetalation step.
11,12
Herein, we report an efficient procedure for the palladium(0)-catalysed cross coupling of prenylmetal species with bromocarbazoles containing an unprotected carbazole nitrogen atom.
We selected 3-bromocarbazole (5) the best conversion and no detectable hydrodebromination (Table 1) . This journal is © The Royal Society of Chemistry 2012
Scheme 1 Palladium(0)-catalysed coupling of 3-bromocarbazole (5) with the prenyl reagents 8, 10 and the tert-prenyl reagents 9, 11; (pin) = pinacolato. Cross coupling of the prenylstannane 8 with 3-bromocarbazole (5) occurred with complete inversion of the allyl system and provided 3-tert-prenylcarbazole (7). The structure of compound 7 has been unambiguously confirmed by a single crystal X-ray analysis (Fig. 2) .
On the other hand, coupling of the tert-prenylstannane 9 14 with 5 provided the desired 3-prenylcarbazole (6) in 82% yield without any trace of 7 via inversion of the allyl system. In line with these observations, using a mixture of the prenylstannane 8 and the tertprenylstannane 9 (ratio 1:5.9) for the cross coupling with 5 afforded a mixture of the prenylcarbazole 6 and tert-prenylcarbazole 7 (ratio 5:1).
The tert-prenylstannane 9 is not stable towards 1,3-isomerisation. 14,15 A thermal rearrangement of 9 to 8 can be followed over 1 h by 1 H NMR spectroscopy in DMF-d 7 at 80 °C. Thus, we tested the Suzuki-Miyaura coupling which has the additional advantage that toxic tin reagents are avoided. 16 The prenylboronate 10 and the tert-prenylboronate 11 were applied to the palladium(0)-catalysed coupling with 3-bromocarbazole (5) (Scheme 1, Table 1 ). 17 Cross coupling of the prenylboronate 10 with 5 afforded 3-tert-prenylcarbazole (7) in 89% yield by complete inversion of the allyl system. Analogously, cross coupling of the tertprenylboronate 11 with 5 provided exclusively 3-prenylcarbazole (6).
Finally, we applied the palladium(0)-catalysed prenylation to precursors for the total synthesis of biologically active carbazole natural products (Scheme 2). Palladium(0)-catalysed coupling of the bromocarbazole 12 6a-c,18 with the tert-prenylstannane 9 or the tert-prenylboronate 11 provided the prenylcarbazole 13 in 78% and 85% yield, respectively.
We have shown previously that compound 13 is easily converted into carquinostatin A (1) by removal of the acetyl group and oxidation to an ortho-quinone. 19 in 83% yield. Micromeline (2) and some derivatives of carbazole 12 were shown to exhibit anti-TB activity. 4, 20 Fig. 2 Molecular structure of 3-tert-prenylcarbazole (7) in the crystal. ORTEP plot showing thermal ellipsoids at the 50% probability level. § Scheme 2 Synthesis of prenylated carbazoles. Reagents and conditions: (a) 16 mol% Pd(dba) 2 , 36 mol% tBu 3 P, 1.3 equiv. 9, 1.2 equiv. CsF, DMF, rt, 24 h, 78%; (b) 21 mol% Pd(dba) 2 , 42 mol% tBu 3 P, 2.4 equiv. 11, 1.1 equiv. CsF, DMF, rt, 5 d, 85%; (c) 22 mol% Pd(dba) 2 , 42 mol% tBu 3 P, 2.4 equiv. 11, 2.5 equiv. CsF, DMF, rt, 4 d, 57%; (d) 22 mol% Pd(dba) 2 , 40 mol% tBu 3 P, 1.7 equiv. 11, 2.2 equiv. CsF, DMF-THF (2:1), rt, 4 d, 83%.
In conclusion, we describe the regioselective introduction of prenyl and tert-prenyl groups at bromocarbazoles in high yields. Both substituents are introduced by palladium(0)-catalysed cross coupling with complete inversion of the allyl system of the corresponding stannane or boronate reagents. The methodology has been applied to the direct prenylation of precursors for biologically active carbazole alkaloids and is superior to two-step procedures involving allylation followed by olefin cross metathesis with isobutene using Grubbs II which explains the low ratio of observed reflections, poor internal consistency of the data set and its low completeness. However, the structure was determined unambiguously in the C2/c space group with three independent molecules possessing slightly different oriented C=C double bonds.
Crystal data for compound 7: 
